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ABSTRACT 
The development of more reliable nickel cadmium batteries for aerospace application is 
dependent on improvements in the uniformity and reproducibility of battery components and 
great care in the design and assembly of cells. This program is aimed at the first of these 
objectives, the preparation and identification of uniform battery plates. 
The experimental approach involves: 
1. The preparation of porous nickel plaque and the measurement of its 
physical characteristics to test for uniformity 
2. The impregnation of the porous plaque with nickel or  cadmium hydroxide 
to form positive and negative plates 
3. The testing and characterization of th-e plates to define the conditions 
under which uniform behavior can be achieved. 
In the experimental program, the uniformity of the raw materials - INCO types 255 
and 287 carbonyl nickel powder - was established a s  a prelude to plaque fabrications. Four- 
teen batches of these powders, which a re  exclusively used in battery plaque manufacture, were 
examined. In addition, two batches were examined in detail to check variability within a batch. 
The physical measurements made were bulk density (by Scott volumeter), surface area (BET 
method using Kr), the Fisher number, grain size,and particle size distribution. It was found 
that there was significant variation from batch to batch. However, the pattern of the results 
suggested that this variability reflected the extent to which the particular sample had been 
handled up to the time of testing. (The carbonyl powders a r e  composed of relatively fragile 
filaments.) In contrast, uniform characteristics were observed within a particular powder 
batch. 
The sintering characteristics of these powders were determined in loose sintering 
experiments. The support screen normally present in battery plaques was omitted so that 
plaque characteristics could be measured more precisely. This phase of the work was also 
used to define test methods and to establish the interrelation of the physical characteristics of 
the plaque. The physical measurements made were thickness, porosity, shrinkage, resistivity, 
and mechanical strength, As expected of a sintering mechanism that consists of interparticle 
neck growth largely as a result of surface diffusion, the surface area, resistivity, and rnechan- 
ical strength a re  linearly related. As a general test for uniformity, we recommend the 
measurement of mechanical strength by a four-point bend test. This test has the advantage 
that its sensitivity (unlike that of resistivity) is little affected by the presence of a support 
screen and i t  may be carried out more rapidly than the measurement of surface area. 
Little difference in behavior was observed between the type 255 and 287 powders. 
Plaques of the same porosity obtained, for example, by sintering the 255 powder for a longer 
time than the 287 show comparable surface area, mechanical strength, and conductivity. In 
addition, in order to achieve highly uniform plaques, it would be advisable to use relatively 
long sintering times ( e.g., 30 min). In the first few minutes of sintering, the physical charac- 
teristics change very rapidly with time. After approximately 20 min, the rate of change is 
minimal. The loss in porosity between 10- and 30-min sintering i s  approximately 5%; the in- 
crease in conductivity is a factor of three. More conductive plaques will minimize any intrinsic 
inhomogeneity under high drain rate operation. 
Good reproducibility was obtained in the loose sintering process ( thickness to lt0.0003 
in., porosity to rt0.596, surface area to -+3%) a s  long a s  the same regions of different plaques 
were compared. However, uniformity within a plaque was not good. Definite trends in physical 
properties across the plaques could be related to the leveling technique used in producing the 
plaques. Loose sintering is, therefore, not considered to be a practical method for producing 
uniform plaque. 
During these studies, we also demonstrated that mercury porosimetry is fundamentally 
unsuitable as  a means of defining pore size distribution. The rapid increase in intruded volume 
a t  a particular pressure, often interpreted a s  a sharp pore size distribution, is indicative only 
of a breakthrough pressure that i s  relatively insensitive to pore size. 
A slurry coating process for the preparation of nickel plaque was established. The 
principal practical problems encountered were ( 1) the removal of entrained air from the slurry 
and ( 2) achieving homogeneity of the slurry mix. Plaques with good uniformity have been pre- 
pared, but reproducibility from preparation to preparation cannot as yet be guaranteed. Plaque 
for impregnation studies was selected from those preparations that gave uniform and reproduc- 
ible values of thickness, porosity, and mechanical strength. 
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I. INTRODUCTION 
The nickel cadmium couple is, in principle, ideally suited to secondary battery appli- 
cation. The design, manufacture and operation of sealed nickel cadmium batteries are, how- 
ever, anything but straightforward. The long cycle life, which is the chief attractive feature 
of the nickel cadmium battery, can only be demonstrated a t  low depths of discharge and with 
limitations on the charge and discharge rates. Under more demanding operating conditions, 
reliability and life a r e  severely reduced. Typical failure modes a r e  loss of capacity, high 
voltage on overcharge, and the generation of H2 on overdischarge. This behavior can be 
reasonably ascribed to a lack of reproducibility and uniformity in battery plate structure. 
It is  the purpose of this program to examine the factors that a r e  important in battery 
plate manufacture in order to achieve uniform behavior and to define meaningful physical tests 
to identify uniformity. The influence of uniformity on battery operation is readily illustrated 
a s  follows. 
Consider a straightforward example of a cell with electrodes of the same total capacity 
in which the distribution of the active materials is not uniform. At practically useful charge- 
discharge rates, the cell geometry dictates that the active material on one electrode can inter- 
act efficiently only with its mirror image in the opposite electrode. The advantage of matched 
total capacity is therefore lost when the active.materia1 is nonuniformly distributed. At 100% 
depth of discharge, based on the individual plate capacities, the sequence of events (depicted 
in Fig. 1) leads immediately to H2 evolution. This can obviously be avoided by restricting the 
depth of discharge. If, however, the source of nonuniformity is more subtle (such as  differ- 
ences in pore size distribution o r  areas of high resistance in the porous nickel substrate), then 
cycling a t  even moderate depths of discharge can gradually reduce the available capacity. The 
capacity decreases because the inefficiencies in the charge and discharge processes tend to be 
cumulative rather than complimentary. This behavior explains how cells chosen with matched 
capacities for battery construction can show different aging characteristics and thereby defeat 
the initial objective. 
The expression "nonuniformity" is not very explicit, and i t  i s  important for later dis- 
cussions to define in more detail the concepts a s  they apply to battery plate structure. It i s  not 
suggested, for example, that we try to achieve uniformity a t  the microscopic level, i.e., pre- 
paring electrodes from a nickel powder of uniform particle size to give a plaque with a uniform 
pore size. Because of the large number of pores per square centimeter and the extensive cross 
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Fig. 1. Charge-discharge cycle for nonuniform electrodes of one cell 
of a nickel cadmium battery 
linking in the porous mass, the variation in pore size is averaged out; i.e., the attainment of 
microscopic uniformity i s  unnecessary. Similarly, one cannot expect uniform behavior in depth 
in the porous mass; the rate of the electrode reaction will vary with depth in the pore struc- 
ture. Also, in normal operationathe current densiry is not uniformly distributed over the elec- 
trode surface. What i s  essential is that the patterns of nonuniformity, the distribution functions 
in depth o r  over the surface, should be identical from point to point on the surface and from 
electrode to electrode. These requirements will follow if the more general requirement of 
macroscopic uniformity, the focal point of our analysis, is  met. By macroscopic uniformity, 
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we mean that any segment of the electrode (for instance, of the order of 1 cm of the surface) 
should display identical physical characteristics to any other segment. It is one of the main 
purposes of this program to define which of the characteristics such as  porosity, pore size 
distribution, surface area, conductivity, amount of active material, etc., a r e  critical to the 
uniform behavior of the electrode. 
Prior to the commencement of the experimental aspects of this program, a survey of 
the current prsctices in nickel cadmium battery manufacture was carried out. The survey was 
based on the open literature and discussions with several of the major manufacturers in the 
United States, and was the subject of the First  Quarterly Report on this contract. This mate- 
r ia l  will not be presented again here. 
The first phase of the experimental program was to develop uniform plaque material. 
The pattern that was followed was: (1) a study of the loose sintering of carbonyl nickel powders 
to define their sintering characteristics, (2) characterization of these plaques by established 
and novel techniques to define the physical properties of the plaques, and (3)  the development 
of a slurry coating technique for plaque fabrication invoking the principles of the current meth- 
ods of large scale production. 
In this report, we will not attempt to reproduce the detailed results presented in the 
quarterly reports, but will review the basic findings of the loose sintering experiments, describe 
the characterization methods in detai1,and discuss their relevance in assessing uniformity 
,I 
and reproducibility in plaque production. The final section is devoted to a description of the 
development of a slurry coating technique. 
11. NICKEL POWDERS 
A. Introduction 
The objectives in the manufacture of porous nickel plaque for battery use are, in gen- 
eral  terms, 80% porosity, good mechanical strength, and conductivity with uniform thickness 
and pore size distribution. Nickel powders must therefore have a bulk density < -1.0 g/cm 3 
and sintering characteristics that will provide the necessary strength and conductivity. 
The principal commercial sources of nickel powder suited to battery plaque manufac- 
ture a r e  the International Nickel Co., Inc. (the nickel carbonyl process) and Sherritt Gordon 
Mines, Ltd. (Ha reduction of aqueous nickel ammonium carbonate). Alternative sources of 
powder specifically for battery plaque manufacture have been considered by Appelt, et al., 1 
2 (electrolytic powders), and by Justi (the addition of Raney nickel to carbonyl nickel). Schwank, 
et al., claim that the addition of finely divided NiO nickel powder makes sintering possible a t  
temperatures close to 300 "C  (cf., 800 to 900 "C for conventional sintering processes and 
500 "C by Appelt). 
Several grades of powder prepared by the carbonyl process a r e  available. Types 123 
4 
and 128 a re  described a s  "spiky equiaxed granules, " and types 255 and 287 are  composed of 
chainlike structures of irregularly shaped particles. The last two figures in each of the type 
3 designations represent a typical apparent density figure (e.g., 2.3 g/cm for 123 and 0.55 
3 g/cm for 255). The first  figure distinguishes the shape factors discussed above. 
All manufacturers a t  present use either the type 255 or  type 287 powders. We have 
therefore confined our attention to these powders. Sixteen different batches of INCO carbonyl 
nickel powder and one sample of BASF carbonyl nickel powder were obtained and characterized 
by surface area, bulk density, Fisher number, grain size and particle size distribution. Also, 
in order to obtain powders of varying physical characteristics, the type 255 and 287 powders 
were blended to obtain four further powders for sintering studies. The results a r e  presented 
in Tables I and 11. Where nonstandard characterization techniques were used, a detailed de- 
scription is given below. 
B. Surface Area 
5 Surface area was determined by the BET method using K r  a s  the adsorbate.6 This 
method offers specific advantages for measurements on materials with relatively low specific 
surface. 
Table I, Physical Characteristics of Various Nickel powdersa 
Surface Area, Bulk Density, Grain Size, 
m2/g g/cm3 A b Fisher Number, p 
- 
a Most of the powders examined a r e  INCO type 287. Those marked * a r e  INCO type 255; 
-f a r e  Sherritt  Gordon powders; and 5 is the BASF powder. 
b ~ i t h  the exception of 104-9, these measurements a r e  in accord with those presented 
in  the NASA Goddard Document X 735-68-400. 
Powder 
Table 11. Physical Characteristics of Blended Powders 
M-O 287 
M-1 80% 287, 20% 255 
M-2 60% 287, 40% 255 
M-3 40% 287, 60% 255 
M-4 20% 287, 80% 255 
M-5 255 
Surface Area, Bulk Density, Fisher No., Average Crysrallite 
m2/g g/cm3 P Size, A 
C. Fisher Number 
This method provides an average particle size derived from the surface area assuming 
spherical particles. The surface area is determined by a i r  permeability measured in a com- 
mercially available apparatus, the Fisher sub-sieve sizer. Details of the experimental proce- 
dure a r e  given in ASTM test B 330-65. Note that the figures obtained for the average particle 
size a r e  considerably lower than those of the sedimentation method (see below). This is a 
result of the filamentary nature of the particles. The air  permeability method responds essen- 
tially to the cross-sectional dimension of the filament. On the other hand, sedimentation is 
more sensitive to the length of the filament. It is  interesting to note that the particle size dis- 
tributions of types 255 and 287 determined by sedimentation a re  essentially the same, whereas 
the ratio of the squares of the Fisher number (proportional to cross-sectional area) is almost 
identical to the ratio of the bulk densities. Thus,the principal difference between the two types 
of powder lies in filament diameter and not in filament length. 
D. Bulk Density 
Bulk densities were determined using a Scott volumeter according to ASTM method 
B329-6 1. This process is specifically designed for nonfree flowing powders. 
E. Grain Size 
Grain size could affect the sintering characteristics of these powders. We therefore 
measured grain size by conventional X-ray line broadening techniques. The average particle 
size, E , is calculated from the peak width at  half height, 6, according to: 
where K is the Scherrer constant, X is the wavelength of the incident radiation, and B is the 
Bragg angle. 
F. Particle Size Distribution 
The particle size distribution of the types 255 and 287 powders was determined by a 
cumulative sedimentation technique using a Cahn electrobalance. The prime consideration in 
this technique is to select a sedimentation fluid with a density and viscosity such that the larger 
particles do not settle out in too short a time and the small particles do not remain in suspen- 
sion. For the carbonyl powders,we found a 35% solution of glycerol in water to be suitable. 
The cumulative technique depends on starting with a homogeneously mixed suspension 
of the powder in a column of fluid, then measuring the weight increase of a balance pan beneath 
the column as  a function of time. The weight settled at  a particular time consists of two types 
of particles: (1) those whose time of fall is  less than specified time, and (2) those whose time 
of fall is  greater than the specified time but which have settled because they occupied an inter- 
mediate position in the column at time zero. Expressed mathematically, the weight settled is: 
where f (M) is the frequency of occurrence of a particle of size M and f(M) dM is the fraction 
between M and M -I- dM. M is the size that would fall the full height, h, of the column; v i s  the 1 
velocity of fall of a particle of size M < MI; Mmin and Mmax a re  the smallest and largest 
sizes, respectively. 
Differentiating with respect to time: 
We may then write the.origina1 equation as: 
Since the weight fraction, w, of particles greater than M is given by: 1 
d W 
we can write w = W - t - dt 
We can thus analyze the weight-time curve plotted on a logarithmic time scale to define a 
particle size distribution. Results a r e  presented in Table 111. 
G. Discussion 
In addition to the routine measurements carried out on the 19 samples set out in Tables 
I and 11, repeat measurements, where practical, were carried out on the same sample to 
assess the reproducibility of the experimental technique. In addition, ten replicate samples 
were examined for several of the larger samples to determine the magnitude of sampling 
errors  and the uniformity of the physical properties. The principal conclusions were that, 
although some variation exists in bulk density, surface area,and particle size distribution from 
batch to batch of the powders, each batch exhibits uniform physical properties. The variation 
from batch to batch was considered to be a result of differences in the extent of mechanical 
handling for the various batches rather than intrinsic variability or  lack of control in the 
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manufacturer's process. For example, the bulk density varies from 0.91 to 1.07 g/m . The 
fragility of these powders was readily demonsrvated in the laboratory, Gentle mixing, by ro- 
tation at 6 rpm for 2 hr, was sufficient to effect a 10% increase in bulk density. 
Sample 
No. 
Table 111. Particle Size Distribution Determined by Sedimentation in 32% Glycerol in Water 
Median 
Diameter, p 
weight Percentage Distribution 
9-11 1.1 11-13 P 13-15 P 15-17 1-1 17-19 P 19-21 /J Total %, <21 P 
*INCO type 255. 
Pherr i t t  Gordon powders. 
111. PLAQUE PREPARATION BY LOOSE SINTERING 
Sintering was carried out in a Vycor lined graphite mold 6 by 4 by 0.030 in. The tem- 
perature-timeprofile for this unit for a furnace temperature of 900 "C indicated that it reached 
800 "C within 2 min and furnace temperature within 5 min. 
The most difficult task in plaque preparation was leveling the powder in the mold. The 
procedure for mold filling was to sieve the powder through a 200-mesh screen into the mold, 
followed by leveling with a steel straight edge. Because of the poor flow characteristics of the 
filamentary carbonyl powders, the buildup in front of the blade causes compaction, tearing 
(cracking), or undercutting of the surface unless extreme care is taken. The technique that 
was used consisted of holding the striking blade parallel to the 4-in. edge of the mold and 
moving it in a zig-zag pattern across the mold. This approach has the advantage that the ex- 
cess powder is removed a t  the sides of the plaque and does not build up excessively in front 
of the striking blade. 
Each mold was introduced into the furnace (Fig. 2) under dry hydrogen. Typically, a 
temperature drop of 15 "C was observed, but the set temperature was recovered within 3 min. 
The temperature profile of the furnace showed less than a 3 "C variation over a 13-in. length. 
At the end of the sintering time, the mold was removed to the water jacketed region of the 
furnace, still under hydrogen, where the temperature dropped rapidly to -150 "C. 

IV. PLAQUE CHARACTERIZATION 
A. Introduction 
Plaque characterization consisted of measurement of area and volume shrinkage, poros- 
ity and pore size distribution, surface area, resistivity, and mechanical strength. All measure- 
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ments had to be made on samples of less than 5 cm in order to assess the uniformity of the 
larger plaques. 
B. Area and Volume Shrinkage 
Area and volume shrinkage were calculated from the mold and plaque dimensions. Up 
to ten measurements of thickness were made by a micrometer, which could produce local com- 
pressions of the plaque. ( See further on for an independent check on this method of measur- 
ing thickness using the mercury porosimeter.) The area of the plaque was determined by 
weighing a piece of paper cut to the outline of the plaque. ( This was necessary, since the 
edges were not precisely straight due to some nonuniformity in the shrinkage.) 
C. Porosity and Pore Size Distribution 
Porosity was determined routinely from the measured dimensions of a plaque and its 
weight. This method has the disadvantage that it depends critically on the measured thickness. 
The situation is more acute for plaques containing a support screen, since the pattern of the 
screen is apparent on at least one, if not both, surfaces. 
We have therefore preferred to determine porosity from measurements with a mercury 
porosimeter. The volume of mercury intruded into the pore space was determined by the stan- 
dard methods with a Micromeritics model 900 mercury penetrometer. This instrument also 
permits the determination, by comparison with an empty cell, of the total volume of the plaque 
so that the porosity can be determined without reference to the thickness. (An effective thick- 
ness may also be calculated by dividing this volume by the area of the plaque.) 
The mercury penetration volume as  a function of pressure was used to calculate 
the pore size distribution, using the standard equation relating pressure differential to 
cylindrical pore diameter: 
d p  = 2y cos 8 
r 
where y = the surface tension 
r = the radius 
6' = the contact angle 
Note that this gives the distribution in terms of equivalent cylindrical pore diameter. Signifi- 
cant differences were found between the pore size distribution determined by mercury porosi- 
metry and that obtained by quantitative metallography. This will be discussed below. 
The determination of the pore size distribution metallographically was carried out a s  
follows. The plaques were prepared for metallographic examination by vacuum impregnation 
of the pore space with an epoxy resin (CIBA 6010 epoxy, 956 hardener). The epoxy, by filling 
all  pores, prevented distortion of the structure during polishing. After impregnation, the 
samples were mounted in Bakelite and sectioned. Sections perpendicular to the plane of the 
plaque were prepared for viewing by standard polishing techniques with silicon carbide papers 
and a 1-p diamond polishing wheel. Samples were viewed and photographed without etching, 
since etching tended to obscure the otherwise sharp boundaries of the nickel skeleton. Magni- 
fication was accurately determined by means of a stage micrometer in order to be able to 
measure a mean pore size ( mean free path). 
Fig. 3 is  a typical micrograph of the sintered structure of a plaque. Note that only par- 
ticles having a sharp boundary a r e  considered to be in the plane of the photograph. Others 
below the surface of the epoxy a r e  not considered in the quantitative analysis. The area frac- 
tion of the nickel may be determined in several ways,as has been described by Smith and 
Guttman. 7 
The first method tried was to place a 0.1-in. grid on a transparent backing over the 
micrograph and to count the number of grid intersections lying on the solid phase. The percent 
porosity, P, is then defined by: 
Number of intersections in the solid phase P = 100- Total number of intersections 
This method has the advantage of high accuracy, if a sufficiently large incremental area is 
counted, However, the method becomes critically sensitive to very localized deviations from 
average parameters if too small an area is considered. The laboriousness of counting even 
10% of the area of a photograph made this impractical. 
A second method was adopted to shorten the time required for analysis. This i s  the 
method of measuring intercept lengths along straight lines laid randomly over the section. 
The accuracy of this technique was established by reckoning the area fraction of pore phase 
after each line was counted and continuing to add lines until the average value did not change. 
Volume fraction pores (%I porosity) and pore mean free path may be calculated from a 
single measurement a s  follows. The volume fraction pores i s  simply: 
Fig. 3. ~ e t a l l o ~ r a ~ h  of section of epoxy-impregnated plaque 
CL 
m 
-= = Volume fraction porosity 
EL 
The mean free wth, X is given by: 
m ' 
m h = = Mean free path in pores 
m Magnification x number of intersections (average pore diameter) 
and the pore size distribution is obtained by plotting the frequency of occurrence of lines of a 
particular length a s  a function of length. 
D. Surface Area 
In addition to the straightforward determination of surface area by the BET method using 
ICr, an alternative method dependent on the measurement of double layer capacity was carried 
out. The electrochemical method has been used successfully in the determination of the surface 
area of lead acid battery plates.8 We set out to investigate its applicability to Ni-Cd battery 
plates and plaques. 
The method depends on the application of a slow square wave pulse of an amplitude of 
20 mV about a potential at  which the faradaic current i s  zero. The charging current for the 
double layer capacity is integrated and displayed on an oscilloscope. The shape of the trace is 
indicated in Fig. 4. The double layer capacity is determined from the height of the integrated 
trace,E ,by the relation: P 
RiCi El 
Capacity = - R x m  
P 
where R.C. and R a r e  constants of the integrating circuit and sampling resistor and AE is the 
1 1  P 
height of the applied voltage signal. 
E. Electrical Resistivity 
Resistivity was measured by a four-electrode method. Current carrying electrodes 
were attached to the full length of opposite edges of a plaque approximately 5 cm by 2 cm. The 
resistivity was determined by measuring the potential difference between two points a known 
distance apart on a line perpendicular to the edges in contact with the current carrying elec- 
trodes. The resistivity was then calculated knowing the current and the cross-sectional area 
of the plaque. This method of measurement avoids contributions from contact resistance, and 
i t  was possible to check that the current distribution was uniform in the region of the plaque 
where the measurements were made. 
F. Mechanical Strength 
Like the electrical resistivity, a mechanical test i s  an indicator for the development of 
particle-to-particle h n d s  in the sintered structure. Unlike the measurement of electrical 
(a) Applied potential square wave 
(b) Resulting capacity current wave 
(c) Resulting charge o r  capacity wave 
Fig. 4. Waveforms for measurement of double layer capacity 
resistivity, a mechanical test in the bending mode, a s  opposed to a straight tensile test, can 
be carried out to virtually eliminate the effects of a support in the center of the plaque. In 
bending, a 20-mil plaque containing a 10-mil screen in its center will reflect the strength of 
the sintered nickel outer layers, since 90% of the load is supported by stresses in these layers. 
Fig. 5 is a photograph of the completed bending jig. The gauge length between the lower 
supports is 1 in., with the load applied at the quarter points. Four-point bending experiments 
a r e  preferred to three-point tests, since the conditions at  the center of the specimen length 
more nearly approach pure bending. The load is applied with the circular pins shown in the 
figure which a r e  1/8 in. in diameter. 
This bending jig is used in a constant crosshead motion testing machine (Instron). The 
test is carried out by placing a sample, thin compared to its length, across the outer supports 
of the lower fixture. The fixture supporting the upper loading points is rigidly attached to the 
crosshead of the machine, while the lower fixture supporting the sample i s  placed on a flat 
topped compression load cell (Instron model CC load cell, 0 to 60 psi). 
During the test, the crosshead is driven downward, bending the sample. The displace- 
ment causes a load which i s  recorded as a function of time. Since the rate of deflection is 
known, this also gives the load a s  a function of the deflection. This trace (Fig. 6) shows that 
initially there i s  a linear increase of load, followed by a region of decreasing rate, and finally 
an abrupt dropoff of the load corresponding to the failure strength of the material. This also 
corresponds to cracking. The point a t  which the curve becomes concave downward marks the 
onset of plastic yielding. The load a t  this time is typically 3 to 4 lbs. 
The stresses and strains at  any point on the linear part of this trace may be determined 
exactly. In the plastic portion, above the yield stress, the stress may only be calculated 
approximately. 
If the bending moments a r e  examined 
with: 
Fig. 5. Four-point bend test apparatus 
l NCREASING 
LOAD 
TIME 
Fig. 6. Bend test LN 13 
P P x  L then, the bending moment, Mb, equals X a or  ---- L 8 , since a = -- The stress, a ,  is given by: 4' 
where y i s  half the thickness, h, of the sample, i.e., it defines the point of zero moment, x. 
bh3 I the moment of inertia, equals -for a plaque of width b. Thus: 
YY' 12 
where o = stress  (psi) 
P = load (lbs) 
L = distance between outer supports 
b = width of sample 
h = thickness of sample 
Note that this applies only when the inner pins a r e  a t  the quarter points and h << a. * 
This is the maximum stress in the outermost layers of the sample. The stress so cal- 
culated i s  called the modulus of rupture o r  simply the maximum tensile stress at  failure. 
The strain corresponding to any stress is obtained from Hooke' s law: 
where E' is the effective modulus of the porous nickel. This i s  related to the Young's modulus 
2 for pure nickel ( E = 30 X lo4 lb/in. ) by: 
E' = (1  - fraction porosity) E (3) 
G. Discussion and Conclusions 
The physical characteristics of the 40 plaques prepared by loose sintering were pre- 
sented in detail in the Second and Third Quarterly Reports. For completeness, the physical 
measurements a r e  repeated in the Appendix. This report will be confined to a review of the 
salient features of the results and the conclusions drawn from them. 
The initial preparations (to LN 14) were largely exploratory. During these experiments, 
we established a mold design, filling techniques,and sintering methods. Preparations LN 14 to 
25 constituted an examination of the influence of sintering conditions (temperatures of 700, 800, 
and 900 "C for sintering times up to 1 hr) on the physical characteristics of the plaque. The 
later preparations examined the effect of powder characteristics on plaque properties and 
*For other symmetries, e.g., inner pins a r e  a t  a distance, 8 ,  apart: 
where a is now 1/2 (L - 1). 
included specific measurements of the uniformity of the plaques. The latter involved cutting 
the 6- by 4-in. plaques into nine pieces each of which was characterized separately. These 
results a r e  also presented in the Appendix. The letters in the tables refer to the following 
positions in the plaque: 
A B C  
D E F  
? ? H I  
with the A B C edge a 4-in. dimension. 
Most of the features of the sintering process were a s  expected. The porosity, resis- 
tivity, and surface area decreased rapidly in the first few minutes of sintering (the mechanical 
strength increased) and then changed more slowly at extended sintering times. The initial rate 
of change was greatest a t  the highest temperature. 
This behavior is consistent with the concept of the sintering process as an initial loss of 
surface roughness which leads to settling (loss of porosity) and accounts for most of the shrink- 
age. This is followed by neck growth at the points of particle-to-particle contact which results 
in a significant increase in mechanical strength and conductivity without much further change 
in porosity. 
Since quite rapid changes in the physical characteristics occur in the first 5 to 10 min 
of sintering, it would appear advisable from a reproducibility and uniformity standpoint to use 
sintering times of at  least 15 min. There also appears to be an advantage in extending the sin- 
tering times beyond this figure, a s  can be deduced from Fig. 7. This shows that a 5% decrease 
in porosity from 87 to 82% results in a threefold decrease in resistivity. The loss in porosity 
i s  insignificant. However, the decrease in resistivity, even in the presence of a conductive 
support screen, will reduce local variations in current density and improve utilization. 
It is also interesting to note that Fig. 7 contains points obtained for both 255 and 287 
powders, more or  less randomly distributed on the linear plot. This same feature is apparent 
in Figs. 8, 9,and 10 which demonstrate linear relationships between resistivity, mechanical 
strength, and surface area for both source materials over a range of sintering conditions. The 
significance of those observations is that a plaque of specific physical characteristics can be 
prepared from either powder a s  long as appropriate sintering conditions a r e  used. Plaques 
from the blended powders were all prepared under the same sintering conditions, so that we 
do not have direct verification over a range of powder characteristics. However, the pattern of 
the mechanical strength versus resistivity plot with the points falling close to a straight line 
(Fig. 10) is  adequate confirmation of the concept that plaque characteristics a re  more dependent 
on sintering conditions than powder properties. 
The linearity of the plots of resistivity and mechanical strength is not surprising. Both 
reflect the extent of neck growth during the sintering process. However, the near linear rela- 
tion of these properties to surface area is unexpected. Characterization of plaque to identify 
uniformity can therefore be based with confidence on any measurement of either porosity, 
Porosity, O/o 
Fig. 7. Resistivity versus porosity 
0.14 0.16 0.18 
2 Surface Area, rn / g  
Fig. 8. Resistivity versus surface area 
2 Surface Area ,  m /g 
Fig. 9. Mechanical s t rength ve r su s  sur face  a r e a  
Resistivity,  ohm -km x 10 4 
Fig. 10. Mechanical s t rength ve r su s  resis t ivi ty  
mechanical strength, resistivity, or surface area. 
The choice of method therefore depends on convenience and accuracy. Resistivity is 
simply carried out with reasonable precision for the loose sintered plaques, but this degree of 
precision is sharply reduced when a conductive screen is included in the porous mass. Surface 
area determination by the BET method is precise but tedious. Mechanical strength as  deter- 
mined by a four-point bend test i s  both precise and rapid and has the distinct advantage that it 
i s  only slightly affected by the presence of the support screen of battery plaque. This insensi- 
tivity to the support screen results from the fact that resistance to bending lies principally in 
the surface layers of the plaque. The only disadvantage of this approach is that it is  a destruc- 
tive test. 
The prime candidate for a nondestructive method appears to be the measurement of 
porosity (surface area) by a permeability technique. With care, this type of measurement can 
be made to be sufficiently sensitive to assess uniformity. The design and construction of an 
apparatus to measure permeability is one of the future tasks of this program. 
Other measurements that were made that were somewhat less successful in achieving 
the objectives of providing methods to assess uniformity were the determination of pore size 
distribution by mercury porosimetry, and the measurement of surface area by double layer 
capacity. 
Mercury intrusion measurements, a s  a function of pressure, proved to be both insen- 
sitive to plaque structure and incapable of sensible interpretation in terms of pore size distri- 
bution. The latter comment was borne out by comparison of pore size distribution determined 
by quantitative metallography. For a particular series of plaques, mercury porosimetry pro- 
duced results indicating a sharp pore size distribution. Scanning electron micrographs showed 
a broad pore size distribution with average pore sizes for the series ranging from 17 to 22 P. 
It i s  considered that the discrepancy i s  due to the assumption of a cylindrical pore 
model in calculating pore size from the mercury penetration data and, further, to the interpre- 
tation of the very sharp r i se  in the penetration volume versus pressure curve as  a very narrow 
range of pore size. The highly porous electrode structure shown in the scanning electron 
micrographs in Figs. 11 and 12 (reproduced from Goddard Document X735-68-400) is  better 
considered a s  a skeleton structure of - solid cylindrical filaments of nickel randomly oriented in 
space. 
For the purpose of further discussion, however, it is more convenient to examine the 
behavior of the porous mass a s  a lattice of very open parallel grids of uniform dimensions. In 
mercury penetration experiments, we can then envisage that the first process will be the for- 
mation of mercury "drops" inside the porous structure. This is demonstrated in Fig. 13 which 
represents a section through two filaments in the surface of the porous mass forming two sides 
of a pore, and two parallel filaments below the surface. With no excess pressure, the menis- 
cus would take up a shape similar to that shown a s  position I, with the mercury-filament con- 
tact angle of the order of -140". As the pressure on the mercury i s  increased, a mercury 
drop will form as  indicated by position 2 (still maintaining a contact angle of -140"). When, 
Fig. 11. Scanning electron micrograph of nickel plaque (- 1500 X) 
Fig. 12. Scanning electron micrograph of liickel plaque (- 300 X) 
Surface array 
Second array 
Fig. 13. Mercury penetration of highly porous nickel plaque 
however, the pressure reaches the point where the drop has p o r n  to touch the filaments below 
the surface (position 3), the surface energy of the drop is lost and mercury floods into the 
structure to fill it completely. In effect, drop formation and destruction now occur a t  each 
layer in the porous mass progressively and in a very rapid fashion, This breakthrough pres- 
sure results in the very rapid increase observed in the penetration volume versus pressure 
curves referred to earlier and shown in Fig. 14. Note that the drop formation is relatively 
insensitive to pore size. In most cases, the larger pores will be associated with larger void 
spaces between the surface and subsequent layers, so that large drops will grow from the large 
pores and small ones from the small pores. Both structures will have approximately the same 
breakthrough pressure. It should also be recognized that the volume of mercury associated 
with drop formation is small compared to the total internal volume of the porous mass. 
This concept is supported by the hysteresis phenomena that a r e  observed in mercury 
penetration experiments with nickel battery plaques. A typical example is shown in Fig. 15. 
In region 1, which corresponds to drop formation, the penetration behavior is completely 
reversible and the curve may be traced in either direction to give identical penetration vol- 
umes. If, however, the breakthrough pressure is exceeded, then considerable hysteresis is 
observed. By careful experimentation in the vicinity of the breakthrough pressure, region 2 
can be traced quite precisely. The shape of this region of the curve is very similar to that 
which is observed if  the complete pressure range is retraced. 
We must then conclude that the effective pore size lies in the range defined by region 1 
of the curve presented in Fig. 15, i.e., in terms of cylindrical diameters from 8 to >30 p. 
These values correspond to those observed in the quantitative metallography. The apparent 
pore diameter normally associated with the breakthrough pressure i s  probably more signifi- 
cant, if it is  considered a s  a structural parameter of the plaque, 
It should be noted that this wide distribution of pore sizes does not conflict with an 
objective of uniformity. As long a s  the shape of the distribution from plaque to plaque and from 
point to point within a plaque does not change markedly, the plaques meet our uniformity and 
reproducibility criteria. The distribution could, however, be far from optimal from the point 
of view of utilization of active material. In the presence of other sources of nonuniformity, the 
distribution could result in detrimental practical effects that might otherwise have beenavoided. 
Attempts to measure surface area by the double layer capacity technique were compli- 
cated by irreproducibility. As indicated in the description of the experimental method given 
earlier, it is  necessary to set the electrode potential to a value where there i s  zero faradaic 
current. For the electrodes we examined, this varied from 310 to 820 mV versus RHE. There 
was also a tendency to "drift" after potentiostating a t  the potential of zero current. It was 
found that after some 15 min, currents as  high a s  2 to 3 mA could be observed. Complete 
current-voltagecurves were measured in an attempt to define a region of stability. The ex- 
pected plateau of zero current between 100 and 300 rnV versus RHE was not obtained. The 
2 2 
measured capci t ies  ranged from 1.97 yF/cm to 8.20 yF/cm for electrodes of similar 
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physical characteristics. To some extent, this behavior was related to the "age" of the elec- 
trode. Samples newly prepared a t  Tyco gave high values for the capacity. On the other hand, 
older electrodes and commercial samples gave low values. An attempt was made to improve 
the reproducibility by surface pretreatment. Three separate approaches were used: ( I )  re -  
duction in Ha a t  500 "C for 5 min, (2) short immersion (-2 min) in dilute nitric acid, and (3) 
cathodizing for 30 min. In al l  cases, the capacity was increased significantly but there was no 
improvement in reproducibility, even in repeat measurements made a t  hourly intervals on the 
same material. 
Similar behavior was observed with battery plates. The values were higher than the 
2 plaques,as might be expected. The cadmium electrodes were of the order of 16 pF/cm and 
2 the positives a t  48 pF/cm . Because this method did not provide the simple method of surface 
area determination that had been anticipated, we have relied on the BET method to define sur- 
face area in plaque characterization. 
The principal conclusions drawn from this work are: 
1. Both types of carbonyl nickel powder a r e  equally suited to prepare nickel 
plaque for battery application. From a manufacturing point of view, the type 287 is probably 
to be preferred,since plaques of specified characteristics can be obtained at shorter sintering 
times. 
2. For uniformity, sintering times should be in excess of 15 min, possibly 
longer. The slightly lower porosities a r e  more than compensated by a threefold increase in 
conductivity and mechanical strength. 
3. Plaque uniformity may be assessed equally well by resistivity, surface area, 
o r  mechanical strength measurements. Mechanical strength measured by a four-point bend 
test is preferred on the basis of convenience. 
4. Plaque for plate fabrication should be specified in terms of thickness, poros- 
ity, and mechanical strength. 
5. Mercury penetration measurements a r e  of little value in plaque characteri- 
zation. 
V. SLURRY COATING PROCESS 
A. Introduction 
The most common process for preparing nickel plaque for battery plates i s  based on 
coating a screen o r  perforated strip with a suspension of carbonyl nickel powder in a viscous 
medium. This process has two major advantages over loose sintering: 
1. The handling of the powder a s  an aqueous suspension overcomes the difficul- 
ties associated with its nonfree flowing characteristics, a factor that leads to nonuniformity in 
loose sintering. 
2. It i s  a continuous process that provides better control over plaque properties 
and improved reproducibility. 
The viscous medium used to suspend the nickel powder is usually a solution of methyl 
cellulose or  carboxy methyl cellulose. This binds the powder on drying and then burns off in 
the sintering process to leave a negligible residue. 
B. Slurry Preparation 
The slurry coating process is not without technical difficulties. The principal problems 
are: (1) to avoid entrainment of air ,  and (2) to obtain a slurry of homogeneous properties. 
The first problem is a result of the low bulk density of the powder and the relatively 
high viscosity (-1300 cps) of the 3% methyl cellulose solutions. The second is twofold. Vigor- 
ous mixing to attain homogeneity can introduce air  into the mixture and can change the physical 
characteristics of the relatively fragile filamentary nickel powder. 
The following approach has resulted in the preparation of satisfactory slurries in the 
laboratory. The required quantities of nickel powder (sieved through 54 mesh to remove large 
agglomerates) and dry methyl cellulose a r e  dry mixed. (Typically, we use 1375 g of INCO type 
287 carbonyl nickel powder and 21 g of Methocel90HG-400, Dow Chemical Co.) The mixing was 
carried out in a large cylindrical container rotated on a roll mixer a t  about 6 rpm for 4 hr. 
The required quantity of water (840 ml) is added at 80 "C. Hot water ensures complete 
wetting of the powders, since the methyl cellulose is insoluble a t  the higher temperature. At 
this time, the mixture i s  an almost solid cake,but on cooling to 5 "6,the methyl cellulose dis- , 
solves to give a highly viscous slurry, The slurry is homogenized with a Brookfield counter- 
rotating mixer for 30 min. This method of mixing is efficient and does not introduce too much 
a i r  into the slurry, since the counterrotating mixer does nor form a vortex. We have also 
found it useful to transfer the slurry from one vessel to another during mixing in order to in- 
clude the material that sticks to the bottom and walls. The viscosity a t  this stage is rypically 
180,000 to 200,000 cps. The final step is the removal of air  from the slurry. We have found 
that it is released spontaneously but slowly. A period of 12 to 16 hr i s  required for deairing. 
In our procedure, the slurry is agitated on a vibratory shaker ( New Brunswick Scientific, 
model G33 Gyrotary Shaker). This appears to hasten the air removal and also prevents the 
slurry from settling. The viscosity falls as the air is removed. A final figure between 150,000 
and 130,000 cps is considered optimum. 
Other methods of slurry preparation were examined. These included dissolving the 
methyl cellulose prior to mixing with nickel powder and subsequent vacuum deairing. The 
method is effective but difficult to control and reproduce. Viscosities varied over a wide range 
because varying quantities of water were lost during the evacuation process. 
C. 
The slurry i s  applied to the screen by passing the screen under rollers at either end of 
a box containing the slurry. The movement of the screen keeps the slurry stirred. The screen 
leaves the box vertically and passes between doctor blades to define the thickness of the coat- 
ing. The coating i s  allowed to dry in air. As shown in Fig. 16, the coated screen is pulled 
vertically to give 6 to 7 ft of usable plaque. 
The pulling speed is adjustable from 1 to 30 in./rnin. Most plaques were prepared at a 
speed of 3 in./min. The green plaque i s  subsequently cut into 13-in, lengths and sintered in a 
BTU furnace in an atmosphere of pure dry Hz. 
The principal problem associated with the plaque preparation is the achievement of 
uniform coating thickness, particularly when the screen or perforated sheet is coated on both 
sides. We have found the following approach to be successful, The doctor blades a r e  designed 
to pinch the screen at the edges. This stops the screen from oscillating between the doctor 
blades during the pulling process. However, the screen tends to bow so that the porous mass 
i s  distributed differently at the center and the edges. In the final design, shown in Fig. 17, 
stainless steel combs a r e  mounted about 1 in. below the doctor blades on either side of the 
screen with a separation of 0.002 in. greater than the overall thickness of the screen. These 
combs, each of which has six fine teeth distributed evenly over the full width, scrape off the 
slurry coating where they make contact, but the tracks a r e  filled in by the buildup of slurry 
underneath the doctor blades. With this arrangement, the screen i s  accurately centered be- 
tween the doctor blades. The doctor blades and combs are  set with feeler gauges. The final 
check is made with the slurry coating box and screen mounted in the rig. A doctor blade set- 
ting of 0.070 produces a green plaque that i s  0.640 in. thick after drying and a sintered plaque 
of 0.030 in. 
Fig. 16. Slurry coating apparatus 
(a) With screen in position 
(b) Without screen 
Fig. 17. Detail of slurry coating box 
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Plaque Preparation and Characterization 
Details of three typical plaque preparations a r e  given in Table IV. The sintering condi- 
tions and characterization measurements a r e  given in Tables V, VI, and VII. These three pre- 
parations a r e  taken a s  typical examples of our present capabilities. All of these materials had 
good visual appearance, with the exception of those samples sintered for 60 min ( which showed 
some cracking). The code letters used in Tables V through VII represent consecutive 13-in. 
lengths of the plaque a s  pulled ( the complete identification is displayed in Fig. 18). For these 
particular preparations, all the characterization measurements except where noted were car- 
ried out on subsection a. 
Table IV. Plaque Preparation Conditions 
Weight of Weight of Weight of Slurry Pulling 
Plaque Powder ( 287) , Methyl Cellulose, Water , Speed, 
Preparation g g g viscOsit);, in.,min cps x 10 
Plaque S-104 was close to the target figure of 0.030 in. in thickness, but the porosity at 
69% was lower than that desired. Note that the slurry viscosity at  188,000 cps was also higher 
than the 130,000 figure considered to be optimum. This was attributed to the high nickel con- 
tent of the slurry. However, for the other two preparations in which the nickel content was 
decreased, the porosity was even lower and this was also accompanied by a decrease in thick- 
ness. The probable source of this discrepancy is physical damage to the nickel powders during 
the homogenizing process. The S- 109 and S- 111 preparations were homogenized for 1 hr, 
whereas S-104 was homogenized for 30 min. This aspect is currently being examined in detail. 
In terms of uniformity, each of these plaques comes close to the goals of &0.0003 in. in 
thickness, 50.05% in porosity, and &5% in mechanical strength. Comparison of sections B and 
E of S-104 shows that uniform properties a r e  maintained along the length of the plaque a s  well 
a s  within each of the lettered sections. Sections C and D show some variation, but the higher 
porosity and thickness of section D coupled with lower mechanical strength a re  consistent with 
inadvertent variations in sintering conditions. 
Similar patterns of uniformity a re  observed with plaques S-109 and S-111, with occa- 
sional departures from the limits expressed above but in general good, uniform behavior. It i s  
more revealing to examine these two plaques for reproducibility, since they were prepared as 
closely a s  possible with identical quantities of material and with identical preparative proce- 
Table V, Physical Characteristics of Plaque S-109 
Code No.* Thickness, in. % Porosity Mechanical Strength, kg/cm 2 
A. 1 0.026 5 65.4 301 
2 0.0268 64.8 2 89 
3 0.0268 65.8 190 
B. 1 0.0264 66.5 19 1 
*Sintering conditions : A - 900 " C for 60 min, B and E - 900 " C for 10 min, C and 
D - 900 "C for 30 min, F - 900 " C for 15 min. 
Table VI. Physical Characteristics of Plaque S-104 
Code No.* Thickness, in. O/o Porosity Mechanical Strength, kg/cm 2 
*Sintering conditions: A - 900 " C for 60 min, B and E - 900 " C for 10 min, C and D 
- 900 "C for 30 min, F - 900 "C for 15 min. 
Table VII. Physical Characteristics of Plaque S-111 
Code No.* Thickness, in. % Porosity Mechanical Strength, kg/cm 2 
*Sinrering conditions: A - 900 "C for 60 min, C and D- 900 "C for 30 min, F - 
900 " C for 15 min. 
Pulling direction 
Fig. 18. Identification code for plaque physical characterization 
dures. Section D of plaque S- 109 and sections C and D of S-111 show reasonable agreement in 
terms of thickness, porosity, and mechanical strengths, though this agreement does not meet 
the uniformicy tolerances specified above. These tolerances a r e  met by the two F sections, but 
the A sections, sintered for 60 min, show marked differences in physical characteristics. 
Present capabilities in plaque preparation may be summed by the statement that plaques 
of uniform properties can be prepared, but that absolute reproducibility of physical character- 
istics from preparation to preparation is not generally obtained. 
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APPENDIX 
Plaque 
No., LN 
Table VIII. Plaque Preparation Conditions, Porosity, and Thickness 
Sintering 
Sincering 
Powder Time, min 
287 30 
287 30 
255 
see  text 1: 
- 
Temperatare, Porosity, 
" C 5% 
See separate tables 
800 
Thickness, 
in. x 103 
Table IX. General Plaque Properties 
Plaque 
No., LN 
Shrinkage to 
Volume, % Original 
cm cm3 Area* 
Shrinkage to 
% Original 
Volume* 
*Mold area = 157.9 cm2; mold volume = 12.04 cm3, 
Table X. Surface Area as a Function of Plaque Preparation Conditions 
Sincering Surface Area 
Plaque Sintering Temperature, Porosity, 
No., LN Powder Time, min O C  % m2/g 2 3 m /cm 
800 88.2 
800 87.5 
800 87.5 
900 87.5 
900 83.7 
900 84.3 
800 86.9 
800 82.9 
800 83.5 
900 84.5 
900 77.9 
900 79.3 8001 See separate tables 
800 
800 83.4 
800 89.0 
800 89.0 
800 86.4 
Table XI. Resistivity as a Function of Plaque Preparation Conditions 
Plaque 
No., LN 
18 
16 
19 
22 
14 
23 
20 
17 . 
2 1 
24 
15 
2 5 
26 
27 
28 
29 
Powder 
Sintering 
Time, min 
Sintering 
Temperature, Porosity, 
"C % 
See separate tables 
Resistivity, 
ohm-cm x lo4 
Table XII. Mechanical Strength a s  a Function of Plaque Preparation Conditions 
Plaque 
No., LN Powder 
Sintering 
Time, min 
Sintering 
Temperature, Porosity, 
"C % 
Mechanical 
Strength, 
kg/cm2 
800 \ 
See separate tables 
800 ( 
Table XIII. Physical Characteris t ics  of Plaque LN-Zti 
BET Surface Area 
/- 
- 
2 2 2 3 Mechanical Strength, 
m2/g c m  /cm m /cm kg/cm2 
Density, 
g/cm 3 
1.541 
1.591 
1.557 
1.506 
1.527 
1.558 
1.492 
1.403 
1.484 
-
1.518 
Porosity, 
% 
Sample 
No. 
Thickness, 
in. 
Average 
Table XIV, Physical Characteristics of Plaque LN-27 
BET Surface Area 
Mechanical 
Strength, Resistivity, 
kg/cm2 ohm-cm x lo4 
Sample 
No. 
Thickness, 
in. 
Porosity, 
% 
1 
Average 
Section* 
Average 
Table XV. Plaques From Blended Powders - Uniformity of Porosity 
Powder Plaque No. 
M- 1 
LN- 38 
M-4 
LN- 36 
M- 5 
LN- 39 
*A B C i s  the top edge of the mold; G H I the bottom. 
Table XVI. Plaques From Blended Powders - Uniformity of Thickness, in. X 10 3 
Powder Plaque No. 
M-0 M- 1 M-*2 M- 3 M-4 M- 5 
Section* LN-40 LN- 38 LN-41 LN-42 LN- 36 LN-39 
*A B C is the top edge of the mold; G H 1 the bottom edge. 
2 
Table XVII. Plaques F rom Blended Powders - Surface Area, m /g 
Powder Plaque No. 
LN -4 0 
LN- 38 
LN-41 
LN-42 
LN- 36 
LN-39 
LN-40 
LN- 38 
LN-41 
LN-42 
LN- 36 
LN- 39 
Section 
B E H 
Table XVIII. Plaques From Blended Powders - Resistivity, ohm-cm x 10 4 
Section 
/ - 
Powder Plaque No. B E H 
M- 0 LN-40 25.6 24.3 25.3 
M- 1 LN-35 31.9 35.6 37.1 
M- 2 LN-41 25.5 25.7 26.1 
M- 3 LF'-42 32.4 31.4 32.2 
M- 4 LN-36 28.5 33.4 35.0 
M- 5 LN- 39 53.9 48.0 - 
Table XIX. Plaques From Blended Powders - Mechanical Strength, kg/cm 2 
Section 
Powder Plaque No. B E H 
M-0 LN-40 53.7 53.7 43.3 
M- 1 LN- 38 36.4 36.8 29.4 
M- 5 LN- 39 18.8 18.8 13.4 
Table XX. Physical Characteristics of Plaque LN-32 
Sample 
No. 
Average 
Sample 
No. 
Thickness, 
in. x 103 
Thickness, 
in. x 103 
23.5 
23.8 
24.9 
24.8 
24.2 
23.1 
21.5 
22.0 
22.6 
Average 
BET Surface Area 
Density, Porosity, /--- Mechanical Strength, 
g/cm3 5% m2/g cm2/cm2 m2/cm3 kg/cm2 
Table XXI. Physical Characteristics of Plaque LN-33 
BET Surface Area 
Mechanical 
Density Porosity, ---- Strength, Rcsistiviry, ---- 
g/cm3 % m2/g crn2/crn2 rn2/cm3 kg/cm2 ohm-cm x 104 
